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Heisenberg model analysis on inelastic powder neutron scattering data
using parent and K doped BaMn2As2 samples
Abstract
Low temperature powder inelastic neutron scattering measurements were performed on three different
powder samples; parent BaMn2As2,12.5% K-doped Ba0.875K0.125Mn2As2 and 25% K-doped
Ba(0.75)K0.25Mn2As2. The Heisenberg Model involving J1‐J2‐Jz coupling constants were compared to the
data by a powder integration routine using Monte Carlo integration methods. The best magnetic parameters
were selected using a chi-square test where model intensities were compared to the full (q,E) dependence of
magnetic scattering. A key step to this analysis is the characterization of the background which is formed
mostly by phonon scattering intensities along with other sources including the magnetic impurity scattering
events. The calculated powder magnetic intensities added to the estimated background obtained from the
non-magnetic high momentum transfer region. The agreement between the simulated and the raw data
enabled us to perform quantitative analysis of the unreacted MnO impurities. Overall, this is another
confirmation along with earlier studies using this technique, that magnetic exchange constants can be
calculated within an acceptable range with a very quick inelastic neutron powder experiment without need for
a single crystal sample.
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2Abstract:
Low temperature powder inelastic neutron scattering measurements were performed on three 
different powder samples; parent BaMn2As2,12.5% K-doped Ba0.875K0.125Mn2As2 and 25% K-
doped Ba(0.75)K0.25Mn2As2. The Heisenberg Model involving J1-J2-Jz coupling constants were 
compared to the data by a powder integration routine using Monte Carlo integration methods. 
The best magnetic parameters were selected using a chi-square test where model intensities were 
compared to the full (q,E) dependence of magnetic scattering. A key step to this analysis is the 
characterization of the background which is formed mostly by phonon scattering intensities 
along with other sources including the magnetic impurity scattering events. The calculated 
powder magnetic intensities added to the estimated background obtained from the non-magnetic 
high momentum transfer region. The agreement between the simulated and the raw data enabled 
us to perform quantitative analysis of the unreacted MnO impurities. Overall, this is another 
confirmation along with earlier studies using this technique, that magnetic exchange constants 
can be calculated within an acceptable range with a very quick inelastic neutron powder 
experiment without need for a single crystal sample.
3Introduction
Ever since the discovery of pnictide -Fe based-high temperature superconductors, the parent 
compounds which are usually antiferromagnetic (AFM) and non-superconducting materials 
became a topical subject to study the mechanism which develops superconductivity [1]. 
BaMn2As2 is one of these parents -even though there is not any superconducting offspring-, 
studied in this article. BaMn2As2, as the parent compound, is a G-type AFM insulator with a 
Néel transition temperature at TN = 625 K [2–5]. It is chemically an isostructural compound to 
BaFe2As2 which is the parent of the well-known family of iron pnictide superconductors. The 
charge carrier concentration variation in the AFM parents, which are usually semiconductors or 
insulators, yields a stabilization of metallic behaviour as a result [2–5]. This metalization and its 
effect on magnetic excitations are the current subjects in this article studied on K-doped 
Ba1−xKxMn2As2.
The doped isostructural BaFe2As2 was studied extensively with various techniques [4]. The 
increasing concentrations of either electron or hole carriers suppresses the AFM stripe order 
yielding a superconducting state with a dome in their phase diagram. In BaFe2−xCoxAs2 and 
BaFe2−xNixAs2 Fe ion sites are replaced by transition metal ions of Co and Ni, respectively [6–8]. 
This doping induces electron carrier density to the parent compound of BaFe2As2. On the other 
hand, hole doping can be created by diluting the Ba sites with K in Ba1−xKxFe2As2 [9,10]. With 
this property they resemble the copper oxide superconductors very much. These compounds 
show that the electronic properties of the 3d shell determine itinerant magnetic behaviour and 
overall physical state of the material [6–8].
4Magnetic susceptibility, resistivity, ARPES and heat capacity measurements show that parent 
BaMn2As2 is an AFM insulator [2,3]. The AFM state has a local moment behaviour in 
comparison to the more itinerant behaviour seen in Fe 122 compounds. A well defined charge 
gap is measured for this compound using optical spectroscopy which attests the well developed 
insulating state [11]. The results of these measurements are analyzed by dynamical mean field 
theory calculations showing that the BaMn2As2 compound is a member of Mott-Hund insulators, 
resembling to copper based superconductors.
This property puts BaMn2As2 in a special place like a bridge between itinerant, iron based 
superconductors and local moment copper based superconductors. Therefore studying the 
magnetism of BaMn2As2 becomes more critical on the path to understanding the unconventional 
superconductivity. However this prosaic subject becomes more interesting with hole doping. 
While weakly K doped samples show metallic behaviour even without disturbing the parent 
AFM state highly K doped ones show weak FM metallic properties [3,5].
In this article we aim to study the change in the magnetic excitations of polycrystalline K doped 
Ba1−xKxMn2As2 samples with x = 0.125 and 0.25 with respect to the parent compound; 
BaMn2As2. Usually these kind of magnetic studies are done using single crystal inelastic neutron 
scattering (INS) technique, but here we want to show that such a study can also be possible using 
powder. In the previous publication [12], the magnetic excitations were analyzed with similar but 
yet a different method. In that manuscript, the magnetic INS was calculated by the Heisenberg 
Spin Model with Monte-Carlo integrations as presented below. However, the fits to the data were 
performed on the momentum-averaged energy spectra without considering the q dependent 
variations of the scattering. Here, we retain and fit the full q and E dependence and perform 
global fits to the entire magnetic scattering data range. Like the previous method, this method 
5depends critically on estimating the background spectrum due mainly to the phonon and 
magnetic impurity scattering. This estimated background, unlike the previous method, will be 
added to the calculated spectrum and fit to the INS data. We compare the estimation of 
Heisenberg exchange parameters of both methods at the conclusion of the paper.
Experiment details
INS measurements were performed on the powders of BaMn2As2 and K doped Ba1−xKxMn2As2. 
BaMn2As2 has a body centered tetragonal (bct) I4/mmm unit cell structure with the lattice 
constants; a ≃ 4.154 Å and c ≃ 13.415 Å [15]. Two different doped samples were prepared for 
this measurement which contains 12.5% K; Ba0.875K0.125Mn2As2 and 25% K; Ba0.75K0.25Mn2As2. 
The ARCS powder neutron spectrometer at Oak Ridge National Laboratory was used to collect 
INS profiles of these powders at a temperature of 5 K. The powders were prepared by 
conventional solid-state reaction method and each sample was weighted at roughly 7 g in mass 
and packed into cylindrical aluminum cans. INS spectra were measured with different incident 
energies (Ei) of 30, 74 and 144.7 to 315 meV. The time of flight data was reduced into energy 
transfer (E) and momentum transfer (q) profiles and data correction for detector efficiency and 
the empty aluminum can subtraction was performed. The S(q,E) scattering profiles and constant 
energy/momentum cuts, averaged and binned data were obtained using MSLICE under DAVE 
software [16].
Inelastic powder measurements and analysis
The AFM structure showing G-type ordering was analyzed using J1-J2-Jz Heisenberg Spin 
Hamiltonian model [2,13]. Here, J1 and J2 are the in-plane nearest and next nearest neighbour 
6AFM exchange interaction constants and Jz is the out of plane nearest neighbour interaction. This 
Hamiltonian is written as;
(1)𝐻 = 𝐽1∑𝑁𝑁𝑆𝑖 ∙ 𝑆𝑗 + 𝐽2∑𝑁𝑁𝑁𝑆𝑖 ∙ 𝑆𝑗 + 𝐽𝑧∑𝑁𝑁𝑆𝑖 ∙ 𝑆𝑗 ― 𝐷∑𝑖(𝑆𝑧𝑖 )2
The last term in Eq. (1) is given to denote the single-ion anisotropy where D is the uniaxial 
anisotropy parameter for Mn+2 ion.
In this article, like in Refs. [2,12], the AFM interactions are represented by positive Ji > 0 and 
calculations were conducted for the product of SJ. Out of 5 competing magnetic states, for zero 
applied field, G-type AFM ground state energy is given by Eq. (2)
(2)𝐸𝐺𝑡𝑦𝑝𝑒 = 𝑁𝑆2( ― 2𝐽1 ― 𝐽𝑧 +2𝐽2)
where N is the total number of spins. According to the calculations between the possible ground 
states, the expression given in Eq. (2) is found to be the lowest energy state with the following 
restriction for a G-type AFM ground state; J1 > 0, J1 > 2|J2| and Jz > 0. Notice the restrictions on 
the magnetic exchange constants where J1 and Jz are only anti-ferromagnetic (meaning positive) 
while J2 can be either ferromagnetic or anti-ferromagnetic [2]. Antiferromagnetic J2 frustrates the 
magnetic ordering in the (ab) plane.
In order to simulate the INS spectrum of S(q,E) we use the Heisenberg Hamiltonian model, 
given in Eq. (1). This equation is solved, in linear spin-wave approximation, by rewriting all 
terms in terms of the Holstein-Primakoff representation involving the boson spin operators. The 
Fourier transform of the boson operators yields the following spinwave dispersion relations for 
G-type AFM structure;
7ℏ𝜔(𝐪) = 2𝑆𝐽1({2 + 𝐽𝑧𝐽1 ― 𝐽2𝐽1[2 ― cos (𝑞𝑥𝑎) ― cos (𝑞𝑦𝑎)]}2 ― {cos ((𝑞𝑥 + 𝑞𝑦)𝑎2) + cos ((𝑞𝑥 + 𝑞𝑦)𝑎2) + 𝐽𝑧𝐽1cos (𝑞𝑧𝑐2 )}2)12
(3)
and for qa ≪ 1
(4)ℏ𝜔(𝐪) = ℏ(𝑉2𝑎𝑏(𝑞2𝑥 + 𝑞2𝑦) + 𝑉2𝑐𝑞2𝑧)12
where ℏ is the Planck constant, Vab and Vc are the spin-wave velocities in the (ab) plane and 
along the c crystalline direction, respectively. These velocities can also be derived in term of 
magnetic exchange constants as
ℏ𝑉𝑎𝑏 = 2𝐽1𝑆𝑎((1 ― 2𝐽2𝐽1 )(1 + 𝐽𝑧2𝐽1))12
(5)ℏ𝑉𝑐 = 2𝐽1𝑆𝑐((𝐽𝑧𝐽1)(1 + 𝐽𝑧2𝐽1))12
A detailed derivation for these equalities can be found elsewhere [2,12,13].
The results of powder inelastic neutron scattering (INS) measurements, conducted at T = 5 K, are 
shown in Fig. 1. As also explained in the caption of this figure, the panels show the parent and 
the two different concentrations of K doped BaMn2As2 sample powders. The incident neutron 
beam energy is Ei = 74 meV for the panels on the left of the figure (a,b and c) while it is 144.7 
meV for the right side panels (d,e and f). These figures show INS profiles for whole possible 
energy and momentum ranges for each experimental configuration. The dominant or the most 
eye catching property in these panels is the higher intensity values as the q momentum transfer 
8increases especially for E ≤ 40 meV region. Even though these unpolarized INS intensities are 
created by powder averaged inelastic scattering events from lattice and magnetic excitations, one 
can distinguish, the dispersive spectra between magnons and phonons by their different q 
(momentum transfer) dependences. Therefore, isolating magnetic intensities from phonon 
contamination becomes the essential basis for this study. To achieve this step, the different 
characteristic q dependences for magnetic and phonon scattering were used. The magnetic 
intensity falls off with q, obeying the magnetic form factor’s exponential dependence on q, while 
phonon intensities increase as, q2. The high intensities observed on the high q side and low E 
transfer E < 40 meV are mostly due to phonon related scattering events. These features will be 
discussed in detail in the following figures. Another feature in the raw data is the steep intensity 
bars at around q ≃ 1 Å−1 and 2 Å−1 which have magnetic scattering origins. The two intensities 
are spinwaves originating in the vicinity of magnetic reflections of (101) and (103) [15]. This is 
confirmed by calculating the corresponding q values of these 2 reflections which coincide with 
the values shown in Fig. 2.
Since our interest is to study the magnetic INS profile, we only focused on the low q side of the 
data since this region where the magnetic scattering is present. Thus the low-q INS profiles, 
shown in Fig. 2, are obtained for Ei = 144.7 meV data. In this figure, panel (a) shows the parent 
BaMn2As2 INS data while panel (b) and (c) show 12.5% and 25% K doped Ba(1−x)KxMn2As2 INS 
data, respectively.
In panels (a, b and c) of Fig. 2, the main feature is the two steep excitations which are seen up to 
E ≃ 50 meV. These two reflections occur at the momentum transfer values of q ≃ 1.58 Å and q 
≃ 2.06 Å which are the q values for (101) and (103) magnetic reflections of BaMn2As2 [15]. The 
steep magnetic excitations are the acoustic spin-waves centered at these AFM reflections. A very 
9rough estimate for AFM spin-wave velocity near the (101) peak position yields ⟨V⟩ ≃ 220 
meV/Å. As can be seen, the main features and dispersions are similar for K doped samples, 
however extra scattering intensities forming weak dispersions are observed in the doped samples 
due to MnO impurities.
Using Eq. (3), we conducted a powder integration Monte-Carlo routine and able to fit the INS 
spectrum, shown in panels of (aa) to (cc) in Fig. 2. The details of the fit analysis including the 
background definitions and impurities will be discussed below. As seen from this figure, the 
magnetic dispersions are dominant for the q ≤ ∼4 Å−1 and for ∼50 meV ≤ E ≤ ∼80 meV energy 
transfer regions while the E ≤ 40 meV regime is a mixture of magnetic and phonon dispersion 
intensities. Therefore, for our interest during the analysis is concentrated mostly on q = 0.5 Å−1 
to 4.0 Å−1 region with 10 meV ≤ E ≤ 104 meV energy transfer values.
To estimate the phonon background, a line-shape involving ∼6 Gaussian is fitted for each 
sample in the limits of 6 ≤ q ≤ 8 Å−1 for 0 ≤ E ≤ 150 meV, shown in Fig. 3 panel (b). The results 
of these fits are scaled accordingly with q2 and is used to create S(q,E) data. An incoherent 
approximation is used to define an overall phonon background for the region of interest; q = 0.5 
Å−1 to 4.0 Å−1. This creates a slowly varying constant background. The estimation of phonon 
background is also supported by separately fitted constant energy scans of several energy values 
between 10 meV and 40 meV with a quadratic line shape of q. This is shown in Fig. 4, as the 
energy transfer increases, the slope of the obtained behaviour decreases. For the energy transfer 
values E ≥ 50 meV, a constant background value is used.
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With the well-known ∼q2 behaviour, typical for a single phonon scattering event, and the 
constant background for the E ≥ 50 meV region, we estimate a total background definition, 
shown in Fig. 5. This is used for the analysis of parent compound.
It has been observed that increasing the K doping amount in the samples, increases the 
possibility of having MnO impurities. Therefore, the calculations of the expected spin-wave 
scattering for parent MnO powder were performed on the basis of published Heisenberg 
exchange constants [17]. This is shown in Fig. 3 panel (a). As seen, the only existent magnetic 
intensities are found in the E ≤ 25 meV region. Thus these calculated magnetic intensities of 
MnO powder are scaled with ∼0.3% and ∼0.7% for 12.5% and 25% K doped samples, 
respectively, and is used to added on the phonon background values. The calculated intensities in 
the vicinity of q ∼ 1 A−1 is used to match the corresponding q intensities of the raw data.
To sum up, adding the background intensities obtained from MnO calculations and quadratic q 
dependent fittings for the E ≤ 40 meV range plus the constant background for E ≥ 50 meV 
region, defines an overall estimated complete background for our data analysis which involves 
magnetic impurities, single and multi-phonon scattering events and the intensities of other 
complicated scattering events. It should be noted that despite these efforts to define background 
intensities simply to subtract from the raw data or to add on the calculated magnetic intensities, 
the absolute background definition can still be improved. These simple estimations and 
assumptions are only the first step for a complete definition of a real background. Because of the 
coherent nature of the phonon scattering, including other possible magnetic and lattice based 
impurities and the Debye Waller factor, may lead to some uncertainties in the low q phonon 
scattering correction used in this study.
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We are now in a position to fit the magnetic data. The Heisenberg Model spin-wave calculations 
were performed for different sets of SJ1, SJ2 and SJz values and integrated by Monte Carlo 
routines. These calculations were done for all the possible AFM SJ parameters, namely SJz > 0 
and SJ1 > 2SJ2, as discussed before. The intensities in the whole (q,E) space were then compared 
with magnetic contribution to the INS data using a simple chi-squared, 𝜒2 test. This is in fact a 
classical 𝜒2 grid-search technique. Our parameter search space is based on SJ1, SJ2 and SJz 
magnetic coupling constant parameters. The grid-search technique, being one of the oldest 
methods of fitting compared to the modern non-linear least squares methods, it has the 
opportunity of catching the local 𝜒2 minima and being more flexible around them. In other 
words, while Newton and/or Levenberg-Marquardt techniques may end up being trapped to a 
local minimum, the grid-search technique tries fitting parameters over a big space of and gives 
the operator a chance to compare and find the real 𝜒2 minimum, if there is one. As a matter of 
fact, this analysis will result in a valley of 𝜒2 minima in this work. This will be discussed in the 
last section of this article.
In the first step, the powder averaged magnetic intensities were created with 5000 Monte Carlo 
sampling points. The integration on each q sphere is calculated for momentum values between q 
= 0.5 Å−1 to q = 4.0 Å−1 with a fine step of qstep = 0.025 Å−1. For every set of SJs, we calculate a 
𝜒2 value. This way we obtained the best fit parameters of each SJs set. Depending on the best 
∼20 results, a higher quality powder-average analysis involving 25000 Monte Carlo integrations 
for each q sphere were conducted. It was observed that there is a strong dependence of the 𝜒2 
values on SJz. Therefore, the best values for SJz were considerably faster and easier to determine 
than the other parameters. Since this is a grid-search fit technique, the process of trying all of the 
parameters took an extended time period. However the positive side of this long process is to try 
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and see all of the parameters and to be able to map the 𝜒2 space with respect to all fitting 
parameters. This undoubtedly gives us a chance of catching the best parameters no matter how 
the local minima are placed in the parameter space where a regular non-linear least squares fit 
technique may create problems. As a result, the best magnetic coupling constants were calculated 
and given in Table 1. The fit results were also shown within detail q cuts profiles in the panels of 
Figs. 6–8. These figures were created for the parent (Fig. 6) and K doped samples (Figs. 7 and 
8). It should be emphasized that intensities over the 50 meV region should mostly be of magnetic 
origin so that our calculations which are shown in Fig. 2 panel (aa) to (cc) and Figs. 6–8 collect 
almost all of the dispersions in the data with reasonable agreement. The agreement of the 
simulated intensities to the raw data especially for low (q,E) region for the 25% K doped sample 
led the calculation of MnO impurity volume amount in the samples. This point is needed to be 
underlined because it shows the quality of the analysis technique used in this work.
Our fit results can be compared in the q averaged energy profiles as shown in Fig. 9 over the 
energy transfer axis from E = 10 meV to ∼110 meV. The K doping reveals small changes in the 
intensity profile which can be seen clearly from the q-binned spectrum. In this figure, the INS 
raw data is shown by red points while the results of the Heisenberg spin-wave calculations are 
given by blue color line. The green color line shows the overall fit results where the background 
with calculated MnO intensities are added to the magnetic calculations. As can be seen, 
monotonically increasing signal after ∼20 meV has a peak at around 80–90 meV range with a 
magnetic signal extends up to E ∼ 110 meV. A simple, not shown, Gaussian fit for these signals 
shows that as K increases, the peak line-shape shifts to the lower energies and gets broader. This 
can be seen by eye especially when the 25% K doped sample profile (panel (c)) is compared with 
the parent the one (panel (a)). This conclusion is supported by the net decrease in the calculated 
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averaged energy values; <E>, shown in Table 1. In this table, corresponding Néel Order 
temperatures, TN are also given which supports this conclusion as well.
In order to depict the calculated 𝜒2 behaviour Fig. 10 was drawn with SJ1 vs SJ2 where SJz = 2 
meV; the best fit values for the parent compound. Here, 𝜒2 values were represented by a color 
scale from blue being the minimum, to red being the maximum. As can be seen, calculated 𝜒2 
values produce a minimal valley where both sides of the minimal area are surrounded by a steep 
hill specifically for the low SJ1 regime. Similar behaviour was also observed for other samples as 
well. The black line drawn in this valley can be given by J1 = 3SJ2/2 − 15 + 0.8Jz representing the 
minimal region. In one of the previous studies the same analysis was conducted on parent 
BaMn2As2 powders, SJ1, SJ2 and SJz were estimated as 33 ± 3meV, 9.5 ± 1.3 meV and 3 ± 0.6 
meV, respectively [2]. When we compare our results with the previous ones we can easily 
confirm that the previous results are one of our good-valley values shown in Fig. 10. Therefore, 
we conclude that our current results are in good agreement with those previously published 
[2,12].
In order to determine the spin energy gap, △parameter, q momentum cut profiles at q = 1.575 
Å−1 and q = 2.04 Å−1 were obtained from Ei = 144.7 meV data. For this analysis, the phonon 
background and the Gaussian fit for the elastic scattering intensities were subtracted [12]. As 
seen from panels of Fig. 11, the intensity profile now has a sharp onset starting with the energy 
transfer value at ∼5 meV. The big errorbars below this energy value are created due to the 
uncertainties in the subtraction of the elastic Gaussian fit and the estimated background. A 
damped harmonic oscillator (DHO) lineshape given in Eq. (6) was used to fit the data [12,14].
14
(6)𝑆(𝑞,𝐸) = 𝐴𝐸′Γ(Γ2 + 𝐸2)(1 ― 𝑒( 𝐸𝑘𝐵T))
where E′ is given by;
(7)𝐸′ = (𝐸2 ― Δ2)12
Here, A is the amplitude and E is the energy transfer values. Since this lineshape is modeled after 
(DHO), Γ is the damping constant [14]. △ is the spin energy gap while (1 – e(E/kBT)) accounts for 
the Debye temperature effect on the observed intensities. In order to increase the certainty, global 
fits were performed to the data obtained from those two q cuts where Γ and △ were fit to the 
same values with the same errorbars. The results of this analysis are shown in Table 2.
As the final step to confirm the existence of the MnO unreacted impurity phase, especially in our 
K doped samples, we performed a final X-ray diffraction (XRD) measurement on all samples 
[12]. A Rigaku Geigerlfex powder diffractometer with CuK𝛼 radiation was used. FULLPROF 
Rietveld refinements yielded the existence of MnO powders with 0.12% and 0.6% weight 
percentages for 12.5% and 25% K doped samples, respectively [18]. These values are very close 
to the ones that we used in the analysis.
Conclusion and discussion
During the Heisenberg spin-wave analysis, it was observed that not only calculating the magnetic 
intensity, S(q,E) is important, but also defining a complete set of phonon background is essential. 
The agreement between the fit and the powder data is shown in the constant q cuts of the panels 
of Figs. 6–8. Especially, during the 𝜒2 grid-search, being able to define MnO unreacted powder 
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impurities in our samples indicates the quality and sensitivity of our lineshape analysis. The 
same conclusion can also be drawn from the data shown in Fig. 9 where the q averaged I vs E 
profiles were given for the magnetic fit with and without background. These are in green and 
blue circles, respectively. Here the background is composed of the estimated phonon and the 
calculated magnetic scattering intensities for MnO impurities. The overlap seen for the green and 
red circles especially for the low energy transfer region confirms the quality of the background 
estimations in our analysis.
However, when we compare the results of the previous method [12], the current fits fail to define 
the raw data especially for the energy region of E ∼ 70 to 90 meV especially for the K doped 
samples in Figs. 7 and 8. Since the analysis we performed in this work is based on the grid-
search technique, the step-size of the grid is the main source for determining the best fit 
parameters. Thus, more fit trials with finer SJ grid step-size are needed to improve the quality of 
the fits. Here we can count another reason which is the number of q spheres as they decrease in 
the calculations with increasing energy due to the kinematic limits. This can be seen in Fig. 2. As 
the energy increases, the number of calculations which could be compared to the data used in the 
𝜒2 tests decreases so that our fits become overall less sensitive to the high energy transfer values. 
Therefore our fits, shown in Fig. 9 are better looking for E < 80 meV region. The fits of the 
previous work [12] were performed in the q-averaged spectrum where this was not the issue and 
the quality was better than our current results.
The Monte-Carlo integration of the spin-wave Heisenberg model given in Eq. (3) was performed 
against a set of SJ1, SJ2 and SJz as explained in the analysis section. The best SJ values obtained 
from these calculations are given in Table 1. Using the equations given in Eq. (4) for spin-wave 
velocities, we calculated the corresponding velocities in the (ab) plane and along the c direction. 
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The calculated velocities using the best set of SJs for parent powder are Vab ≃ 194 meV/Å and 
Vc ≃ 167 meV/Å. From these values, we can reach the powder average spin velocity value of 
<V>= √(V2ab + V2c) ≃ 256 meV/Å. This value is very close to the visually estimated value of 
∼220 meV/Å as discussed earlier in the text.
The spin-gap values given in Table 2 for K doped samples do not show a decrease as the K 
doping amount increases. This would not have been expected metallic behaviour from the doped 
samples with respect to the parent one. The decrease in the measured TN values are given in 
Table 2 [15]. From the parent to 25% K doped sample, TN values drop by only ∼7%, which is 
not a significant change. In other words, we can conclude that such a small change would be 
hard to observe from a powder INS experiment. When we compare the results of DHO analysis 
with the results of previous work [12] where Ei = 74 meV INS were used, the calculated spin-
gap, Δ and the damping constant, Γ values are very similar within the errorbars. This shows the 
consistency of the DHO analysis.
The analysis of fitting whole (q,E) space compared with q averaged technique used in the 
previous work [12] yielded very similar results. This is shown as the comparison in Fig. 12 for 
all of the fitting parameters with respect to K doping percentages. However, there is still a slight 
increase in the disagreement seen in SJ values especially with K doped samples. Overall 
agreement shown in this figure ensures the consistency and quality of the two analyses with the 
quantitative and the qualitative analysis of the amount of MnO impurities. In the previous work 
[12], the fits were conducted in the q averaged space, where a detailed error-bar calculation was 
possible for the SJ values. On the other hand, for both works, the previous and the current, a 𝜒2 
grid-analysis conducted over a large sets of SJ values which searches for the best SJs value 
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covers a big SJ parameter space. Thus, we were able to detect the existence of the uniqueness 
issue in our Heisenberg Spin Model analysis. In other words, calculated SJ parameters in the 
vicinity of the minimum 𝜒2 valley, shown in Fig. 10, are good with one being considered the 
same as another. Therefore, the current and the previous techniques are complementary to each 
other in general. Our current results also confirm the previous analysis results [2].
To summarize, AFM Heisenberg spin-wave analysis was conducted on INS data obtained from 
BaMn2As2 and K doped Ba1−xKxMn2As2 powders with x = 12.5% and x = 25%. Depending on 
the results of the Monte-Carlo study, we could define the magnetic exchange constants, within 
some uncertainties, and the amount of the magnetic impurity of MnO powders. The magnetic 
peak profiles were obtained in the view of a quadratic phonon background estimation. Damped 
harmonic lineshape analysis yields the energy gap values.
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Fig. 1. Inelastic neutron scattering data from undoped and K doped powders of BaMn2As2. The panels on 
the left (a,b,c) show Ei = 74 meV data while the ones on the right (d,e,f) show Ei = 144.7 meV. Panel a 
and d, b and e, and c and f are created for parent, 12.5% K doped and 25% K doped powders of 
BaMn2As2, respectively. The profiles of INS data shown here are obtained after empty Al sample cell 
correction (the Al can scattering is subtracted from the detector data) is done for each sample. The 
intensity bar which is drawn on the top of this figure is valid for this figure and all other 3D figures in this 
article.
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Fig. 2. Low-q inelastic neutron scattering data from powders of parent BaMn2As2 in panel (a) and K 
doped Ba(1−x)KxMn2As2 in panels (b) and (c) with the corresponding simulations in panels (aa), (bb) and 
(cc), respectively. K concentrations are x = 0.125 and x = 0.25 respectively in panels (b) and (c) and all of 
the data are obtained for incident energy of Ei = 144.7 meV. Panels on the right show the Heisenberg 
model calculations of neutron intensities using linear spin wave theory for corresponding powders. The 
intensities on these reflections were simulated by the calculations of the Heisenberg Spin Hamiltonian as 
explained in the text, shown in panels of (aa, bb and cc) are in good agreement. There is an extra 
scattering due to the MnO impurities at the low q and low E side of the data. This is weakly seen for 
12.5% but more pronounced for 25% K doped sample. The results of calculations of AFM spin wave 
scattering for MnO impurities in the powder samples  were included in the model. The same intensity 
scale -color-bar- used in Fig. 1 is used in this figure. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Magnetic spin-wave powder neutron scattering intensity calculation for MnO powder in panel (a) 
and phonon scattering averaged intensity over Q = [6∶8] Å−1 range versus energy transfer up to ∼100 
meV range in panel (b). MnO powder calculation is drawn over the same q, E range as shown in Fig. 2. 
The phonon intensities are fitted to a line shape which involves several Gaussian. The line shape is used 
to create a 3D background which is used with appropriate scaling to define the background of the analysis 
especially for the range of E ≤ 50 meV. The MnO powder intensities are used mainly to define the extra 
scattering in the low q and low E range. A scaling of ∼1/400 and ∼1/150 is used for 12.5% and 25% K 
doped samples, respectively. This calculated background for MnO is added to the ∼q2 background fit 
results in the range of 10 meV ≤ E ≤ 50 meV as explained in the text. The same intensity scale used in 
Fig. 1 is used for the left panel of this figure, as well.
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Fig. 4. Four different representative figures for phonon background fit analysis. The panels show the 
quadratic ∼q2 behaviour for parent BaMn2As2 INS data.
Fig. 5. Background data used for the parent BaMn2As2 analysis. As seen here, a monotonically decreasing 
intensity is observed from energy transfer values from E = 10 meV to E ∼ 40 meV. As the momentum 
transfer increases, the increase in the intensity for the low energy transfer range is due to the quadratic 
background estimation, explained in the text.
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Fig. 6. Eight different energy cuts of powder neutron intensity analysis for undoped BaMn2As2 sample. 
The q dependence of background and the overall fit is drawn using blue and red lines, respectively. The 
blue line is obtained by quadratic q dependent phonon fits especially within the E ≤ 50 meV range. Above 
this energy, the background is estimated by Gaussian fits, shown in Fig. 3. This yields usually small but 
constant intensity values up to E = 104 meV. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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Fig. 7. Eight different energy cuts of powder neutron intensity analysis for 12.5% K doped powder 
sample; Ba0.875K0.125Mn2As2. The q dependence of background and the overall fit is drawn using blue and 
red lines, respectively. As it is seen for the low energy transfer values and q ∼ 1 Å−1, a clear extra 
intensity is seen, originating from calculated from MnO powder analysis. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Eight different energy cuts of powder neutron intensity analysis for 25% K doped powder sample; 
Ba0.75K0.25Mn2As2. The q dependence of background and the overall fit is drawn using blue and red lines, 
respectively. In the lowest energy cut panel, the MnO intensity draws the lowest q peak and this intensity 
quickly drops for the next energy panel. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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Fig. 9. Powder magnetic neutron inelastic intensities versus energy transfer profile with binned and 
averaged over whole momentum transfer range. The red colored data are the momentum transfer 
averaged S(q,E) intensities obtained from the data shown in Fig. 2. Blue colored lines are the results of 
the Heisenberg Spin Model analysis without any background while the green continuous lines are the 
ones added with the background information. The good agreement between the green, representing the 
total analysis including the background estimation with MnO scattering addition, and the red line, the raw 
data, can be seen especially for the low-E regions. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Goodness of the fit, 𝜒2 with respect to different magnetic exchange constant values shown for 
parent compound BaMn2As2. The S(q,E) was calculated for a set of SJ1 and SJ2 with the values given in 
the x and y axes in the figure using the Heisenberg model spin-wave analysis as explained in the text. In 
this figure, SJz ∼ 2 meV. Red color shows the high values of 𝜒2, while blue shows the low values. As can 
be seen, a linear low chi-square valley like behaviour shown by a continuous black line is observed. 
Similar behaviour is also observed in the doped samples as well with different values of SJs. The black 
line is estimated as SJ1 ≃ (3/2)SJ2-15 + 0.8SJz. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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Fig. 11. Two different constant q-cut profiles, obtained from Ei = 144.7 meV data, drawn for I vs E 
energy transfer up-to ∼25 meV for different K concentrations. These constant q-spectra which are shown 
on the left panels were obtained for q = 1.575 Å−1 while right panels are for q = 2.04 Å−1. The data 
preparation and the details of the lineshape analysis are explained in the text. The red colored fit lines 
have common fit parameter values obtained from global fits to the data at two q-reflections. These values 
are given in Table 2. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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Fig. 12. Comparison between the current and previous analysis [12]. Black squares and red circles show 
the best values of the fit parameters of previous [12] and current results, respectively. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1. Energy scales and magnetic parameters of Ba1−xKxMn2As2 as a function of composition. 
kBTN is the actual Néel temperature measured by neutron diffraction. ⟨E⟩ was determined 
numerically from Fig. 9. The magnetic exchange constant values; SJ’s were determined by the 
results of Heisenberg spin-wave fit analysis, as explained in the text.
Composition x = 0 x = 0.125 x = 0.25
kBTN (meV) [15] 53.9 ± 0.1 52.7 ± 0.3 49.6 ± 0.3
⟨E⟩ (meV) 61 ±2 60 ±2 54 ± 2
SJ1 (meV) 38 ±2 41 ±2 39 ± 2
SJ2 (meV) 12 ±1 14 ±2 13 ± 1
SJc (meV) 2 ±1 3±1 2± 1
Table 2. The results of line-shape analysis given in Eq. (6). For this analysis, INS profile shown 
in Fig. 11, obtained from Ei = 144.7 meV data were used. Parameters of Δ; spin-gap and Γ; DHO 
damping constant were given in meV units.
Composition x = 0 x = 0.125 x = 0.25
Δ (meV) 5.41 ± 0.23 6.53 ± 0.15 6.24 ± 0.05
Γ (meV) 17.6 ± 1.2 13.1 ± 0.9 14 ± 1
